Abstract Working Group 1 of RILEM TC 238-SCM 'Hydration and microstructure of concrete with supplementary cementitious materials (SCMs)' is defining best practices for the physical and chemical characterization of SCMs, and this paper focusses on their thermal analysis. Thermogravimetric analysis (TGA) can provide valuable data on the chemical and mineralogical composition of SCMs. Loss-on-ignition (LOI) testing is a commonly used, standardized, but less sophisticated version of TGA that measures mass at endpoints only, with heating generally in air. In this paper we describe the use of TGA and LOI to characterize Portland cement with limestone additions, coal combustion fly ashes, ground-granulated blast furnace slag, calcined clays, and natural pozzolans. This paper outlines the value and limitations of TGA and LOI (in the formats defined in different standards regimes) for material characterization, and describes testing methods and analysis. TGA testing parameters affect the mass loss recorded at temperatures relevant for LOI measurements (700-1000°C) of slags and fly ashes, mainly associated with oxidation reactions taking place upon heating. TGA of clays and natural pozzolans is utilized to identify optimal calcination conditions leading to dehydroxylation and consequent structural amorphization, particularly for kaolinite. However, dehydroxylation and amorphization do not occur at similar temperatures for all clays, limiting the applicability of TGA for this purpose. Although TGA is widely utilized for characterization of SCMs, the testing parameters significantly affect the results obtained, and TGA results require careful interpretation. Therefore, standardization of TGA testing conditions, particularly for LOI determination of slags and fly ashes, is required.
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Introduction
The class of supplementary cementitious materials (SCMs) encompasses a wide range of materials with different chemical compositions, mineralogies, and physical characteristics. Some of these properties are specified in standards that define limits with respect to oxide composition, mesh size, moisture content, and loss-on-ignition, for example. Researchers often seek more information about the materials in order to refine material processing methods or to develop relationships between material characteristics and reactivity. The goal of Working Group 1 of RILEM TC 238-SCM is to investigate the methods of SCM physical and chemical characterization in order to provide guidance on the power and limitations of these tools. In this paper we present the use of TGA, both as a complement to standard LOI testing and as a characterization tool. It should be noted that TGA does not provide conclusive mineralogical or compositional identification on its own, so is often used in conjunction with other tools such as X-ray diffraction.
Loss-on-ignition is a standard test for SCMs that is usually used to determine the presence of an excess quantity of moisture and/or undesirable impurities, such as carbon. Samples are placed in a porcelain or platinum crucible, depending on the standard followed. The mass loss is determined following heating in air to a specified maximum temperature for a specific time, although this maximum temperature and time varies according to the standard followed. These discrepancies can lead to difficulty interpreting results. Further, LOI tests are generally done in air, an oxidizing environment, which can lead to misinterpretation of results if corrections are not made to account for oxidation of reduced species present in some SCMs during testing. A summary of the available standardized methods for determining LOI of different SCMs is given in Table 1 .
Thermogravimetric analysis can be considered as an incremental loss-on-ignition test, where the sample mass is recorded in small increments at a fixed heating rate. Generally the instruments used allow heating in a non-oxidizing environment, such as in nitrogen or argon gas. Monitoring mass loss during testing enables observation of thermal decomposition of phases, such as the mass lost due to the escape of carbon dioxide gas when carbonates decompose. This information enables phase identification as well as quantification in some cases. Data are reported either as mass loss versus temperature, or as the first derivative of that curve, called differential thermal gravimetric analysis (DTG). As discussed here, the results are sensitive to the parameters used during testing such as amount of sample, heating rate, type of gas and gas flow rate used, which can have an impact on the interpretation of results. Although loss-on-ignition and TGA measurement in many cases show the same final mass loss, the actual temperature at which this mass loss occurs is generally lower in the static loss-on-ignition test than in the dynamic TGA measurements.
In this paper we explore the use of LOI and TGA to characterize several commonly used supplementary cementitious materials. Attention is paid to the role of parameters selected during testing, as well as to the interpretation of results.
Limestone
Ground limestone is a common additive to cement and is used in both ordinary Portland cements in small quantities (*5 %) and in Portland-limestone cements in larger quantities (*15 %) [1] . The limestone content in cement can be determined using TGA by measuring the mass of carbon dioxide (CO 2 ) lost due to calcium carbonate (CaCO 3 ) decomposition, which is generally between 700°C and 850°C [2] . The accuracy of this determination of limestone content depends on knowledge of the purity of limestone. While a limestone that contains 100 % calcium carbonate loses 44 % of its mass due to CO 2 loss, a limestone that is only 70 % CaCO 3 would lose only 31 % of its mass from CO 2 loss. Without knowledge of limestone purity, the determination of limestone content is subject to error. For example, if 5 % of a Portland cement by mass is pure (100 % CaCO 3 ) limestone, then one would expect a 2.2 % mass loss due to CO 2 in TGA. However, if one measures that same 2.2 % mass loss and the limestone is only 70 % CaCO 3 , then the actual limestone content of the cement is 7 %.
The actual error in limestone content determination from TGA is limited to some extent because the cement standards specify the purity of the limestone used. For example, the ASTM standards for Portland cement and blended hydraulic cement (C150 [3] and C595 [4] , respectively) specify that the limestone must contain a minimum of 70 % CaCO 3 . The Canadian Standard CSA3001 [5] requires limestone to be ''of a quality suitable for cement manufacture,'' for Portland cement and to have a minimum 75 % by mass CaCO 3 for Portland-limestone cements. EN 197-1 [6] requires limestone used in cement to have a minimum of 75 % CaCO 3 . Error can be avoided completely if manufacturers follow the guidance from ASTM C150 [3] that specifies that the manufacturer reports the limestone content of the cement.
Fly ash
The loss on ignition of fly ash is often used as a measure of the content of unburnt carbon in the material [7, 8] , as the carbon can oxidize during heating in the presence of oxygen to CO and CO 2 , which is released during TGA measurement [9, 10] .
Any moisture content in the fly ash (e.g. residual water from storage) will also register as LOI. Pre-drying at a temperature of 110°C is specified in ASTM C311-13 [11] , but no pre-drying is described in EN 196-2 [27] . Moisture content can be relatively easily corrected using the fly ash dried mass (when pre-drying is applied) as the initial mass for the LOI calculation.
Many fly ashes also contain a significant amount of calcium carbonate (limestone or dolomite), introduced to the coal-fired boiler for control of sulfur emissions and entrained in the ash, and other calcium rich minerals such as lime, portlandite, anhydrite, and gypsum, which also register as LOI in tests conducted at temperatures above 700°C [12] . This is particularly problematic in the ASTM C311 method [11] , where the test is carried out for 15 min at a temperature specified in the text of the standard as 750 ± 50°C. Two tests that are valid according to this standard, but conducted at temperatures differing by as much as 100°C, may report LOI values including either almost all or almost none of the carbonate content of the ash. Figure 1 shows the results of analysis of a fly ash (classified as Class C according to ASTM C618 [13] using TGA coupled with mass spectrometry (TG-MS), and illustrating mass losses associated with moisture Fly ash/natural pozzolans Similar procedure to ASTM C114, except that the material remaining from the determination of moisture content shall be ignited to constant mass in an uncovered porcelain, not platinum, crucible at 750 ± 50°C.
a Descriptions of corrections for gain in mass due to oxidation of sulfides for Portland slag cements are omitted here, but similar corrections are implemented in each standard for analysis of slags removal, dehydroxylation of Ca(OH) 2 , along with the decomposition below 700°C of CO and CO 2 present as carbonates (from calcium carbonate and from unburnt carbon oxidized during the measurements) within the fly ash. At higher heating temperatures, relevant for the determination of LOI, a minor mass gain related to the oxidation of unburnt carbon is also identified. Interpretation of TGA of fly ashes needs to be undertaken with caution in order to identify the different reactions leading to the mass losses registered during testing, particularly the oxidation of unburnt carbon taking place at similar temperatures to carbonate decomposition. The EN 197-1 method (EN 197-1:2011), with a higher firing temperature than specified in ASTM C311 (ASTM C311/C311M -13 2013), can include also sulfur present within the LOI measurements and possibly result in a overestimation of the organic matter content, while ASTM C311 may underestimate the unburnt carbon content. Burris et al. [14] assessed 35 fly ashes using 'macro TGA' (1 g of sample tested per ash), and identified incomplete burn-off of carbon below 790°C, therefore recommended higher temperatures than specified by ASTM C311 for LOI determination. The correlation between the LOI values determined using TGA or standardized testing methods was strongly dependent on the amount of unburnt carbon in the ash, so that similar LOIs were obtained by these two methods only when a high content of unburnt carbon was present in the ash. However, it has been reported [15, 16] that the LOI values obtained according to the standardized methods overestimate the content of organic matter by at least 20-40 % when compared with that determined by carbon measurement or conventional TGA measurements. This has detrimental effects on evaluation of the effectiveness of the coal combustion process, and limits the utilization of the ashes produced, as standards do specify upper allowable limits for loss on ignition. For example, ASTM C618 (ASTM C618-12a 2012) allows LOI values up to 6.0 %, although a Class F ash with up to 12 % LOI may be accepted if it meets all other performance requirements. EN 197-1 (EN 197-1:2011) and EN 450-1 [17] describe three classes of fly ash with upper LOI limits of 5.0, 7.0 and 9.0 % respectively, but this is then restricted further by national annexes (e.g. in the UK, an upper limit of 7.0 % is imposed). However, ashes with much higher LOI can be used for other purposes, e.g. EN 14227-4
[18] describing fly ash for use in 'hydraulically bound mixtures' defines an upper LOI limit of 15.0 %.
The effect of carrying out TGA of a fly ash both in an inert or an oxidizing atmosphere and for differing sample masses is illustrated in Fig. 2 , where notable changes in the mass loss can be seen, particularly within the range of temperatures specified for LOI determination in either the EN (950 ± 25°C) or ASTM (750 ± 50°C) standards, associated with decomposition of carbonates and/or oxidation of unburnt carbon. However, the mass loss due to the decomposition of carbonates will occur at lower Fig. 1 TGA and exhaust gas analysis using mass spectrometry during thermogravimetric analysis of an ASTM C618 Class C fly ash. Data were collected using a Perkin Elmer TGA 4000 instrument, 60 mg of sample, 40 mL/min of N 2 (g) and a heating rate of 10°C/min Fig. 2 TGA results of an ASTM C618 Class F fly ash collected using nitrogen or air purge gases, as a function of the amount of sample tested. Data were collected using a Perkin Elmer TGA 4000 instrument, 20 mL/min of protective gas and a heating rate of 10°C/min temperature in the static loss-on-ignition test than in the dynamic TGA measurements shown in Fig. 2 .
The amount of sample tested also influences the total mass loss during TGA (Fig. 3) . At 750°C a higher LOI measurement is identified when using dry air as protective gas independently of the mass of sample tested. These TGA results must be interpreted with caution, as at higher temperatures of ignition ([750°C ) Fe 2? that is present in spinel phases in Fe-rich fly ashes oxidizes to Fe 3? , which can result in a mass gain when using dry air or oxygen as purging gases [10, 19, 20] . These processes offset the mass changes related to unburnt carbon. Under nitrogen gas the oxidation of unburnt carbon occurs at higher temperature only and a higher mass loss is observed at 950°C.
Payá et al. [10] proposed an analysis method based on the combined analysis of TGA results of fly ashes using inert and oxidizing atmospheres. This approach assumes that using an inert atmosphere will hinder the oxidation of unburnt carbon, and therefore any mass loss identified within 500 and 750°C is assignable to decomposition of calcium carbonates. However, the applicability of this method is limited by the presence of hydrated lime in the ash, which will dehydroxylate at similar temperatures to the start of calcium carbonate decomposition (as observed in Fig. 1 ), and so for calcareous ashes it may be necessary to adapt the temperature ranges assigned to carbonates. Mohebbi et al. [21] identified that TGA coupled with mass spectrometry provides further understanding of the reaction taking place at the different testing temperatures, while using an inert or an oxidizing purging gas, as mass changes associated with oxidizing reaction can be accurately quantified and accounted during the quantification of unburnt carbon present in the fly ash.
Ground granulated blast furnace slag
As in the case of fly ash, the determination of the LOI of ground granulated blast-furnace slag (GGBFS) requires special attention. GGBFS results from the blast-furnace process, whereby oxidic iron ore is transformed into metallic iron. As this takes place in a reducing atmosphere, the majority of sulfur bound in the GGBFS is in the form of sulfide (S 2-) [22] . When GGBFS is heated in air to 950°C for LOI determination, as specified by both EN and ASTM standards (Table 1) , these sulfides oxidize to sulfates, which results in a mass increase (Fig. 4) . Also, the oxidation of metallic or divalent iron, or partially reduced manganese, dissolved (or encapsulated in the case of metallic iron [23] in the GGBFS glass) will result in a mass increase. However, due to the limited content of manganese in the majority of GGBFS used worldwide, the effect of this element would be very small and thus can often be neglected, but some slags are used in construction where this becomes a significant consideration [24] . The case of iron is not well understood and is described to a very limited extent in the existing open literature.
If a GGBFS is heated in the absence of oxygen, mainly the loss of H 2 S is observed, resulting in mass loss as shown in Fig. 5A . Above approximately 700°C a mass increase is observed as S 2-is oxidised TGA results of a commercial GGBFS. Data were collected using a Perkin Elmer TGA 4000 instrument, 40 mg of GGBFS, a heating rate of 10°C/min, and 100 mL/min of protective gas to sulfate, SO 4 2-, (S 2-? 2O 2 C SO 4 2-: (4 9 16.0)/ (32.06) = ? 1.996 9 S) and formation of solid sulfates might occur [25] . If blast furnace slags are heated under oxidising conditions, the presence of H 2 S is observed only below 500°C (Fig. 5B) , above 600°C a more distinct mass increase under O 2 than under N 2 is observed as more S 2-is oxidised to sulfate [9] . The formation of gases (H 2 S and SO 3 ) and of solids (e.g. CaSO 4 ) from sulfide present in the slag results in a complex pattern of mass changes, which is not only affected by the surrounding atmosphere (Fig. 4) , but also by the heating rate in the TGA. Depending on the protective gas, differences in the total mass loss are observed across the range of temperatures relevant to LOI determination. Considering that the two standards mentioned here specify different ranges of temperature for LOI determination, although with the same target value within that range (EN 196-2, 950 ± 25°C and ASTM C114, 950 ± 50°C), differences in the LOI results determined by TGA for comparison with those tests will be observed depending on the temperature selected and the type of gas environment used.
The methodology for correcting the LOI values to account for oxidation of sulfides in GGBFS is, however, consistent between the two standard methods [26, 27] . A correction of 0.8 times the difference between the percentages of SO 3 in the ignited sample and the original cement is added to the raw measured LOI to obtain a corrected LOI value, as S 2-? 2O 2 C SO 4 2-, resulting in an additional 0.8 g mass per g SO 3 ((4916)/(32 ? 3916) = 0.8). The applicability of TGA to determine LOI of GGBFS will have limitations similar to those identified for fly ashes; however, in the case of GGBFS one of the main constraints (and sources of uncertainty) lies in the corrections associated with oxidation of sulfide species, and this will be revisited next. A combined TGA approach using an inert and an oxidizing atmosphere might be a suitable way for LOI determination of GGBFS via TGA.
A comparative study between determination of LOI according to EN 196-2 (in air) with the mass loss measured under nitrogen to avoid sulfide oxidation, was carried out using two commercial GGBFS, each with glass content [99 %, comparable chemical compositions, but with different fineness (see note Table 2 ). The results were compared to TGA measurements, also under nitrogen. The corrected LOI determination according to the EN 196-2 calculation procedure yielded 1.24 and 1.15 wt% for GGBFS 1 and GGBFS 2, respectively. This is close to the results obtained from static calcination at 950°C under a nitrogen atmosphere, which yielded LOI values of 1.22 and 1.07 wt% for GGBFS 1 and GGBFS 2, respectively.
The mass loss obtained by TGA between 20 and 950°C is somewhat lower than the mass loss measured at 950°C under static conditions, and dependent on the heating rate and the fineness of the slag.
An increased heating rate during TGA measurement decreased the measured mass loss of both slags at 950°C even further. The lower mass loss in the TGA measurements is probably related to a partial oxidation of the sulfur (even under N 2 as shown in Fig. 5 ) during the relatively slow heating in the TGA. This oxidation is minimized in a LOI measurement under nitrogen where the sample is directly exposed to high Table 2 . For GGBFS 1, similar values of LOI were obtained via TGA using a heating rate of 10°C and via the modified EN 196-2; however, the increase in the heating rate during TGA induced slight reductions in the LOI value obtained. More notable differences in the LOI obtained by TGA or modified EN 196-2 methods were observed for GGBFS 2, despite having a comparable composition to GGBFS 1 but much coarser particle size. As discussed above oxidation and loss of H 2 S occur simultaneously which complicates the understanding of the effect of heating rate on weight loss and demonstrates that the LOI values can be also influenced by the physical properties of the GGBFS.
Also other testing parameters such as gas flow rate (Fig. 6A ) and the amount of sample (Fig. 6B ) strongly influence the TGA results of a GGBFS especially when using nitrogen as protective gas, where significant differences in the mass loss are identified at temperatures above 200°C when modifying either the amount of sample or the gas flow rate. This is particularly concerning when using this method for LOI determination, as notable differences in the measured LOI can be obtained, and the sample masses used (usually a few tens of milligrams) are too small to enable reliable determination of a sulfate correction to account for this mass gain contribution to the residual mass profile.
Calcined clays
There is a growing interest in utilizing calcined clays rather than industrial by-products as SCMs, as these materials are highly available all over the world and present more homogeneous physico-chemical properties compared with by-products, simplifying the process of quality control of the finished cement Fig. 6 TGA results of a commercial GGBFS as a function of (A) gas flow rate, and (B) amount of sample tested. Data were collected using a Perkin Elmer TGA 4000 instrument and a heating rate of 10°C/min. Dashed lines indicate mass loss at 950 ± 50°C [28] . As calcination demands the utilization of fuels to reach high temperatures to enhance the reactivity of the clays, it is imperative to optimize the timetemperature profile of the calcination process, so that the best cost-benefit balance is obtained. Clay minerals can be converted into pozzolanic SCMs by either rotary kiln or flash calcination; the discussion here will be more closely linked to rotary-calcined products because this process is much more amenable to parallel analysis by TGA. Calcined clays and natural pozzolans are classified as Class N materials under ASTM C618, with a maximum allowable LOI of 10 % when tested accordingly to ASTM C311 and without the allowance (which exists for fly ash) to exceed this based on performance testing. The specification that the material is 'ignited to constant mass' at 750 ± 50°C, but without strict definition of the criteria for determination of what is meant by 'constant', may be important in understanding the analysis of clays, as discussed in more detail next. EN 196-2 sets no specific requirements for the LOI of calcined clays or natural pozzolans. TGA can be used to approximate the conditions adopted for large-scale processing of clays in kilns, such as heating rates, times of exposure to a given temperature, among other variables, and therefore can be used to identify the range of temperatures at which structural transformations of the clays are taking place. It is well known that TGA of clays will show three distinctive phenomena: (i) at low temperature, release of free or sorbed water; (ii) at a mid-range temperature, loss of bound water or dissociation of hydroxyls from the lattice, inducing amorphization of the lattice structure; and (iii) at high temperature, the final breakdown of the residual layered mineral and recrystallization towards formation of new mineral and/or glass phases [2] . The specific temperatures at which each of these phenomena take place is strongly dependent on the nature of the clay [29] , as illustrated in Fig. 7 . Pozzolanic activity is generally at a maximum for materials calcined at temperatures between the events identified as dehydroxylation and recrystallization in Fig. 7 [29] .
Metakaolin is one of the most widely utilized SCMs, produced by calcination between 600 and 900°C of kaolin-containing clays. The effects of calcination on the structure of kaolinite, leading to formation of metakaolin, can be summarized as follows:
(i) At 550°C the kaolinite begins to transform to metakaolin by removal of the structural OH groups of the clay, leading to the rearrangement in Si and Al atoms, a decrease in octahedrally coordinated Al, and the appearance of penta-and tetracoordinated Al [30] . The full removal of hydroxyls from pure kaolinite would be accompanied by a mass loss of 13.95 % [31] , but most metakaolins retain around 10-12 % of their original hydroxyl content [32] and so display LOI values of a few percent (increasing with time in storage as the material partially rehydrates in contact with moist air). (ii) Between 650 and 800°C, deformation of kaolinite flakes takes place, favoring the formation of a disordered material 'metakaolin', although the original layered structure of the kaolinite is partially preserved [33] [34] [35] [36] . (iii) Above 900-950°C, recrystallization of metakaolin yields a siliceous spinel and disordered silica. Calcination above this range of temperatures can induce the formation of crystalline mullite [30] . Products calcined to equilibrium in this temperature range present little or no pozzolanic activity. However, flash calcination at such temperatures for a very short time (often a second or less) can yield a glassy material which is a valuable pozzolan [37] .
The kaolinite calcination conditions need to be selected and optimised for a particular clay source to maximise the reactivity of the material produced [38] , as the dehydroxylation of kaolinite is as a multi-step, kinetically-controlled process [32, 34, 36, 39] . Optimization of calcination temperatures is also influenced by impurities present in the clays. One of the methods used for optimising calcination conditions of a given kaolinite is TGA, so that the degree of dehydroxylation of a kaolinite can be quantified as a function of the heating rate and time of exposure to a given temperature. Figure 8 highlights the relevance of the kinetic control of kaolinite calcination in the context of LOI determination: each data set in Fig. 8A represents the observed change in mass upon heating the clay at 10°C/min to the specified target temperature, and then holding for 6 h at this temperature, while Fig. 8B shows the same data plotted with time rather than temperature as the abscissa. Noting once again that the ASTM C311 specification requires ignition to constant mass at 750 ± 50°C, the very slow kinetics of the final stages of dehydroxylation in the lower end of this allowed temperature range may become significant in the precise determination of the LOI of a calcined kaolinite when the criterion for 'constant mass' is unclear.
The burgeoning interest in exploration of lower cost impure or mixed clays as SCMs in place of relatively pure kaolinite has led to a body of literature discussing the optimal calcination temperatures for these clays, usually determined through TGA. For example, Fernandez et al. [40] examined three standard clays, comparing kaolinite (K) to illite (I) and montmorillonite (M), with data from differential thermal gravimetric (DTG) analysis shown in Fig. 9 . These results were used to determine that the optimal calcination temperatures for these clays were 600°C for the kaolinite and 800°C for the illite and montmorillonite, since there was minimal mass loss due to dehydroxylation after these temperatures. Calcination at these temperatures also resulted in a significant reduction in crystallinity determined through X-ray diffraction for the kaolinite, some changes in crystallinity in the montmorillonite, yet no changes in Fig. 7 Differential thermal analysis of selected common clays Adapted from [29] Fig. 8 (A) TGA curves of a commercial kaolinite calcined at 10°C/min up to specified target temperatures followed by a 6 h isothermal hold at that temperature, and (B) mass loss registered as a function of time during the same experiments. Data collected in a Perkin Elmer Diamond TG/DTA, using 20 mL/ min of N 2 , 15 mg of sample, and a heating rate of 5°C/min crystallinity for illite. Garg and Skibsted [41] identified that the montmorillonite dehydroxylate does not form a metastable phase like that of dehydroxylated kaolinite, instead the calcination of montmorillonite between 500 and 850°C leads to the transformation of the octahedrally coordinated Al into tetrahedral Al sites. Similar results were identified for calcined illite/ smectite clays [42] where high calcination temperatures (900°C) were required to induce the formation of a disordered structure. The lack of correlation between dehydroxylation and amorphization for clays other than kaolinite has significant implications on pozzolanic reactivity, as the calcined illite behaved like an inert filler.
Taylor-Lange et al. [43] used thermal analysis to optimize calcination temperatures for impure clays, both blended from known standard clays in the laboratory and naturally occurring. The degree of dehydroxylation was not directly correlated with the degree of amorphization for minerals other than kaolinite, and the amount of amorphous material present after calcination was a better predictor of pozzolanic reactivity than the degree of dehydroxylation.
Natural SCMs
Detailed classification and description of natural SCMs or pozzolans can be found in Snellings et al. [29] , and the reader is referred to that document for further information about this very diverse class of materials. Natural pozzolans, whether calcined or not, are subject to the same provisions as calcined clays in both ASTM C618 (Class N) and EN 197-1. SCMs of volcanic origin such as pumices, volcanic ashes, and zeolite tuffs, experience mass loss in TGA that can be used to infer chemical and mineralogical information. Natural pozzolans lose chemically-bound water at relatively low temperatures of *200°C, as shown in Fig. 10 for a natural zeolite. Like clays, some zeolites can also dehydroxylate if they contain hydroxylated defects within their framework structure, resulting in mass losses at higher temperatures [44] , as shown at *700°C for the zeolite in Fig. 10 . This is in fact the basis of the name 'zeolite', which is derived from the Greek for 'boiling stone', and relates to the tendency of these minerals to release water vapor upon heating. Similar to the case of clays, this dehydroxylation can be accompanied by a reduction in crystallinity, which can be confirmed through X-ray diffraction [45] . [47] 7 Conclusions Thermal analysis is widely utilized as a complement to standardized LOI testing of blast furnace slags, fly ashes and clays, and as a characterization tool for all the SCMs addressed in this paper. However, the outcomes are sensitive to the parameters used during testing such as the amount of sample, heating rate, type of gas and gas flow rate used, which impact the interpretation of results from different sources. This is particularly challenging when quantification of dehydration/decomposition of given compounds is required, such as in Portland cements with limestone additions, and when some species within the SCMs undergo oxidation reactions, as in slags and fly ashes.
The applicability of TGA to determine LOI of slags and fly ashes is strongly influenced by the testing parameters, and the interpretation of the results requires careful attention. The type and flow rate of the purging gas is one the most relevant parameter modifying the mass loss recorded within the range of temperatures relevant for LOI determination. This is associated with oxidation reactions which take place upon heating, leading to mass gains and the consequent reduction of the measured LOI values. This could be overcome by using an 'inert' purging gas such as nitrogen or argon during testing, as long as O 2 is completely excluded during testing, and the oxidation reactions are hindered. Combined mass loss and mass spectrometry analysis of the exhausted gases during testing enables elucidation of the reactions taking place during heating of SCMs, enabling the characterization of the key mass losses relevant to LOI determination.
The ranges of temperatures at which LOI values are determined within each standards regime also need to be evaluated with care. The actual temperature at which a mass loss occurs, either for pre-hydration/ weathering of slags or for unburnt carbon in fly ashes, are typically lower in the static loss-on-ignition test indicated in the ASTM and EN standards, than in the dynamic TGA measurements. There is also a rapid change in mass in the TGA analysis of both slag and fly ash within the temperature range allowed as tolerance in the test temperatures in the common testing standards. Standardization of TGA testing parameters for LOI measurements in SCMs is required in order to collect results that can be comparable across laboratories.
TGA of clays is widely utilized as a means to optimize the time-temperature profile of the calcination process to increase the reactivity of the clays, so that the best cost-benefit balance is obtained. The relationship between dehydroxylation of kaolinite clay and its amorphization has been established in detail in the literature; however, such a relationship has not been identified for other clays and therefore TGA may provide limited information about the temperatures at which amorphous products can be produced by thermal treatment of non-kaolinitic clays. A similar case has been identified for some natural pozzolans. Therefore, the applicability of TGA is limited to the characterization of these types of SCMs.
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